The reaction of titanium tetraisopropoxide with 2 equiv of N, N-diethyl C NMR) and microanalytical data. Molecular structure of 1 has been determined by a single crystal X-ray diffraction study, which reveals that it is a monomeric, cis-diisopropoxide and contains a six coordinate Ti(IV) atom with a cis(CONEt2), trans(COCH3) configuration (1a) 
Introduction
In recent years, titanium dioxide (TiO 2 ) and perovskite titanates (Ba x Sr 1−x TiO 3 (BST) and PbZr x Ti 1−x O 3 (PZT)) have attracted considerable attention for their practical application as capacitor materials in next generation computer memory devices. [1] [2] [3] [4] [5] [6] For the preparation of thin films of these materials, the metal-organic chemical vapor deposition (MOCVD) offers both technical and economical advantages such as a conformal step coverage, easy composition controllability, large area deposition capability, and a high deposition rate. [7] [8] [9] [10] An essential requirement for a successful MOCVD is the availability of suitable metal-organic precursors with sufficient volatility and thermal stability for gas-phase transport to the deposition site and with clean decomposition pathways to produce the desired materials.
Thin films of TiO2 and related oxides have been commonly obtained by MOCVD using Ti(O i Pr)4 in the presence of oxygen. [11] [12] [13] Alkoxide precursors, however, contain unsaturated Ti centers, which makes them highly reactive to air and moisture and susceptible to pre-reaction in MOCVD reactors with oxygen or other precursors. To overcome these problems, modified alkoxides of titanium with an increased coordinative saturation at the metal center, such as Ti(tmhd)2(O i Pr)2 and Ti(tmhd)2(mpd) (tmhd = 2,2,6,6-tetramethylheptane-3,5-dionate, mpd = 2-methyl-2,4-pentanedioxy), have been investigated as alternative precursors. [14] [15] [16] [17] [18] [19] [20] NMR studies of these complexes have confirmed that they do not pre-react with other MO precursors employed in the preparation of perovskite titanate films. A functionalized alkoxide or β-keto iminate ligand can also increase the coordinative saturation by providing an additional Lewis base site to form chelate rings. [21] [22] [23] [24] In multi-component oxide growth for BST and PZT materials, the precursors need to have similar vaporization temperatures, and should deposit oxides in a similar temperature region, in order to achieve a good layer uniformity and control of the stoichiometry and to avoid build-up of residue in the evaporator. Most oxide precursors, however, have been limited to metal alkoxides or β-diketonates. 25 We herein report synthesis and characterization of Ti(O apparatus in a sealed capillary under argon and is given uncorrected. Mass spectral data were obtained on a JEOL SX-102A instrument operating in electron impact (EI) mode. Elemental analysis was performed by the staff of the Energy and Environment Research Center at KAIST. Thermal analysis was carried out using a TA TGA 2050 and TA DSC 2010 under nitrogen atmosphere with 10 sccm flow and 10 o C/min heating rate. Equilibrium vapor pressure measurement for 1 was carried out over a temperature range of 60-140 o C according to the method reported in the literature. 26 The crystallinity of films was examined by X-ray diffraction (XRD) measurements using Rigaku D/MAX-RC 12 kW diffractometer with Cu Kα radiation. The surface morphology, fractured sections, and the thickness of the films were checked by scanning electron microscopy (SEM, JEOL JSM 840A). The atomic composition of the film was determined by using Rutherford backscattering spectroscopy (RBS, NEC 3SDH) and Auger electron spectroscopy (AES, SAM 4300). Film adherence was tested by Scotch tape peeling. X-Ray crystallographic study of 1a. Crystals of 1a suitable for X-ray study were obtained by recrystallization in toluene at −30 o C. A colorless crystal was mounted in thinwalled glass capillary under an argon atmosphere, and the capillary was temporarily sealed with silicon grease and then flame-sealed. The determination of unit cell parameters and the orientation matrix and the collection of intensity data were made on an Enraf-Nonius CAD-4 diffractometer utilizing graphite-monochromated Mo-Kα radiation. Lorentz and polarization corrections were applied to the intensity data while no absorption correction was applied. Intensities of three standard reflections monitored every 4 h showed no significant decay over the course of data collection. Relevant crystallographic details are shown in Table 1 . All calculations were performed using the SHELXS-86 and SHELXL-93 computer programs.
27, 28 Scattering factors for all atoms were included in the software package. The structure of 1a was solved using a combination of Patterson and Fourier map and refined by the full-matrix least-squares technique with anisotropic thermal parameters for all non-hydrogen atoms. All hydrogen atoms were placed in calculated positions and included in the structure factor calculation. Crystallographic data (excluding structure factor) for the structure of 1a have been deposited with the Cambridge Crystallographic Data Center (CCDC) as supplementary publication number CCDC 184681.
MOCVD experiment. Thin films of TiO 2 were deposited onto 2.0 × 1.0 cm 2 (100) silicon substrates in a vertical coldwall reactor as shown in Figure 1 . Precursor was loaded into a stainless steel vessel in a drybox, and introduced into the system through a 1/4 inch stainless steel tube, whose end was approximately 2.0 cm above the surface of substrate. Dioxygen was introduced into the reaction chamber and the precursor was introduced by passing Ar carrier gas of 7 sccm through a bubbler which was kept at constant temperature of 100 o C. The gas line leading to the CVD chamber was heated and maintained at ca. 130 o C to avoid condensation of the precursor. Flow rate of the precursor was controlled by adjusting the conductance of the fine metering valve located between the bubbler and the reaction chamber, and was monitored by a Pirani gauge in the deposition chamber. The substrate temperature was provided by passing an electric current through the substrate, monitored using an optical pyrometer, and adjusted to the desired value. TiO 2 films were deposited over a range of substrate temperatures from 350 to 500 o C for 1 h with varying flow rates, while other deposition parameters were fixed. After deposition, films were annealed in oxygen atmosphere at 500 o C for 1 h.
Results and Discussion
Synthesis and characterization of precursor 1. 29 The stability of the cisalkoxide isomer has been ascribed to the oxygen (p) → metal (d) π-bonding; in the cis-isomer all three dπ orbitals of titanium are involved whereas in the trans-isomer only two of the dπ orbitals can participate. 30 The cis, trans (1a) and trans, cis Figure 2 ). The diasteromerization for various cis Ti(β-diketonate) 2 (OR) 2 complexes has been previously suggested to occur by a twist mechanism without bond rupture, which involves a trigonal prismatic transition.
31
Molecular structure of 1. The molecular structure of 1 is shown in Figure 3 and important bond lengths and angles are summarized in Table 2 34 This can be accounted for by the strong trans influence of CONEt 2 group in the β-keto amide, which serves as a good electrondonating group. The two β-keto amide rings are planar with typical C-C and C-O bond lengths. The angle between short Ti-O bonds is ca. 100 o and that between long bonds is ca. (7) o and 1.5 (8) o ), and thus forming an extended conjugated system; the electron density of the lone pairs of nitrogen atoms of CONEt 2 group is delocalized into the β-keto amide ring, leading to significant resonance stabilization of the chelating metal-oxygen bonds. This type of resonance stabilization of the chelate ring may increase the thermal stability of precursors.
35
Vapor pressure measurement and stability study. In order to optimize the temperature at which the precursor vaporizes during the CVD process, the equilibrium vapor pressures of 1 are measured in the temperature range of 65- 14 The thermal stability of 1 was investigated by thermal gravimetric analysis (TGA) and differential scanning calorimetry (DSC) at the atmospheric pressure (carrier gas: N 2 , heating rate: 10 o C/min). The TGA and DSC traces are illustrated in Figure 4 . The sharp endothermic peak in the DSC curves correlates well with the melting point estimated by the visual method. In the TGA, a single weight loss step was observed with an onset temperature of 180 o C and The logarithm of the deposition rate is plotted against the reciprocal of the absolute temperature, and the slope of the plot gives activation energy of about 1.41 eV. The deposition rate at each deposition temperature can be doubled by doubling the feed-rate of the precursor (argon gas flow), implying that the film growth is mass-transport controlled.
The crystallinity of deposited films was examined by Xray diffraction (XRD). The as-deposited films show no diffraction peaks of crystalline TiO 2 phase even up to a deposition temperature of 500 o C, presumably, due to either low deposition temperatures or strong deviation from the stoichiometric O/Ti ratio. When the films were annealed for 1 h under oxygen above 500 o C, the original amorphous films became crystalline pure anatase TiO 2 (the crystallinity improved with increasing annealing temperature). 36, 37 The X-ray diffraction pattern of anatase TiO 2 thin film (thickness 145 nm) is shown in Figure 5(a) The composition of TiO 2 films has been determined by Rutherford backscattering spectrometry (RBS) measurements as shown in Figure 5 (b). The carbon contamination at levels of 1.8-3.5 atom% was estimated using Auger electron spectrometry (AES), which is comparable to those of 3-5 atom% obtained with Ti(tmhd) 2 
Conclusion
A titanium diisopropoxide compound 1 with β-keto amide ligands has been prepared as MO precursor for the titanate thin films. The structure of this complex in both solid and solution state has been determined by a single crystal X-ray diffraction study and variable-temperature NMR spectroscopy. The thermal behavior of precursor 1 has been examined by thermogravimetry and vapor pressure measurement, revealing an enhanced thermal stability of 1 by introduction of the β-keto amide ligand compared to β-diketonate precursors. Polycrystalline TiO 2 films of pure anatase phase have been deposited on Si(100) by MOCVD after annealing above 500 o C under oxygen. Further studies will concentrate on the compatibility of this β-keto amide titanium precursor for the deposition of thin films of perovskite titanates. 
